
DISSOLVING COAL AT MODERATE TEMPERATURES AND PRESSURES 

Frank R. Mayo, Alber t  S.  Hirschon, John S. Zevely and Karen Sundback 

SRI I n t e r n a t i o n a l ,  333 Ravenswood, Menlo Park ,  CA 94025 

I n t r o d u c t i o n  

p r o p o r t i o n s  of  breakable  C-C and C-0 bonds i n  t h e  c o n n e c t i n g  l i n k s  between t h e  
condensed systems i n  c o a l .  Such i n f o r m a t i o n  should  t e l l  u s  a b o u t  t h e  p o s s i b i l i t y  Of 
c o a l  l i q u e f a c t i o n  under mi ld  c o n d i t i o n s .  
bonds were i n v e s t i g a t e d  by c l e a v a g e  r e a c t i o n s .  Cleavages of C-0 bonds i n  esters and 
e t h e r s  by s t r o n g l y  b a s i c  amines,  i o d i d e s ,  and a c i d s  a r e  d i s c u s s e d  f i r s t  and t h e n  o u r  
r e s u l t s  o n  t h e  d i s t r i b u t i o n  of  oxygen i n  c o a l  a r e  compared w i t h  t h e  r e s u l t s  o f  o t h e r  
workers.  We then  d i s c u s s  t h e  c l e a v a g e  of C-C bonds i n  c o n n e c t i n g  l i n k s  by oxida- 
t i o n s  of c o a l  f r a c t i o n s  and some d i f f e r e n c e s  among t h e  o x i d a t i o n  products .  In terms 
of  C-C bonds t o  be broken by o x i d a t i o n ,  t h e  p r i n c i p a l  problem i s  de termining  whether 
t h e  condensed aromat ic  systems are j o i n e d  by s i n g l e  o r  m u l t i p l e  methylene groups.  
Our conclus ions  are compared w i t h  some i n  t h e  l i t e r a t u r e .  
expansion o f  a previous  p r e s e n t a t i o n . ( l )  

The above f i n d i n g s  and c o n c l u s i o n s  a r e  t h e  f o u n d a t i o n  f o r  a new program t o  
prepare  a c o a l  product  on  a l a b o r a t o r y  scale a t  a moderate tempera ture  and p r e s s u r e  
t h a t  w i l l  m e l t  o r  d i s s o l v e  i n  a cheap  s o l v e n t  a t  o r  below 100OC. Ash c a n  t h e n  b e  
removed and t h e  product c a n  be used a s  a c l e a n  f u e l  o r  processed  more e a s i l y  t h a n  
c o a l  t o  a l i q u i d  f u e l .  A p r o g r e s s  r e p o r t  w i l l  b e  made. 

Coal P r e p a r a t i o n :  E x t r a c t i o n  of  Coal With P y r i d i n e  

obta ined  from Pennsylvania  S t a t e  U n i v e r s i t y  a s  PSOC 25. T h i s  d r i e d  c o a l  c o n t a i n e d  
76.0% C ,  4.88% H ,  1.46% N ,  2.17% S,  1.71% a s h ,  and 13.8% 0 by d i f f e r e n c e .  Much o f  
t h e  work r e p o r t e d  i n  t h i s  s e c t i o n  was c a r r i e d  o u t  w i t h  s o l u b l e  c o a l  f r a c t i o n s  so  
t h a t  changes could  be fo l lowed by number-average molecular  w e i g h t s  (E ) .  
t h e s e  f r a c t i o n s  were prepared  by e x t r a c t i n g  o u r  c o a l  e x h a u s t i v e l y  w i t g  p y r i d i n e  a t  
100°C. About 16% d i s s o l v e d ,  a p p a r e n t l y  wi thout  chemica l  r e a c t i o n .  About one- th i rd  
of t h e  p y r i d i n e - s o l u b l e  m a t e r i a l  was s o l u b l e  in to luene ;  i t  c o n t a i n e d  more hydrogen 
and l e s s  oxygen t h a n  t h e  t o l u e n e - i n s o l u b l e ,  p y r i d i n e - s o l u b l e  (TIPS) f r a c t i o n ,  which 
i s  a u s e f u l  model f o r  c o a l  and w a s  used i n  much of  o u r  work. The TIPS f r a c t i o n  i s  
heterogeneous i n  molecular  weight and chemica l  composi t ion .  
M 1100 (by  vapor-phase osmometry) was f r a c t i o n a t e d  by GPC; 76% of t h e  t o t a l  
hsd E 
t h e  p?oducts were e a s i l y  s e p a r a t e d  i n t o  f r a c t i o n s  o f  E 
measure of a r o m a t i c i t y )  of  0.98-0.74, and w i t h  differe:t  p r o p o r t i o n s  o f  a r o m a t i c  
hydrogen. 

Reac t ions  of  Coal F r a c t i o n s  With Amines 

p y r i d i n e . ( 2 , 3 )  
chemical c l e a v a g e  o f  C-0 bonds i n  e s t e r  and e t h e r  groups .  
from r e a c t i o n s  of  b o t h  TIPS and p y r i d i n e - e x t r a c t e d  c o a l  w i t h  BnNH2. 
r e a c t i o n s ,  most of t h e  f r e e  BnNH2 was removed by vacuum d i s t i l l a t i o n  and t h e  r e s t  by 
washing w i t h  d i l u t e  aqueous HC1; t h e  l a t te r  was t h e n  e x t r a c t e d  by  aqueous ammonia. 
Table  1 shows t h a t  c l o s e  t o  one  molecule o f  BnNH2 becomes bound t o  t h e  TIPS f o r  each  
c l e a v a g e  r e a c t i o n  o r  a d d i t i o n a l  molecule formed. 
e x t r a c t e d  c o a l s ,  t h e  e x t e n t s  o f  r e a c t i o n  i n c r e a s e  w i t h  t h e  s e v e r i t y  of t r e a t m e n t .  
For t h e  p y r i d i n e - e x t r a c t e d  c o a l ,  we do not  know how much BnNH is i n c o r p o r a t e d  per  
c l e a v a g e ,  b u t  i f  t h e  r a t i o  i s  1, t h e r e  i s  about 350 i n  molecufar  weight u n i t s  
a s s o c i a t e d  wi th  each  bound BnNH2. 

s o l u t i o n s ,  b u t  t h e y  become p a r t l y  i n s o l u b l e  on  d r y i n g .  Thus,  one  EDA e x t r a c t  w a s  

The o b j e c t i v e  of  t h e  r e s e a r c h  r e p o r t e d  h e r e  was t o  d e t e r m i n e  t h e  k i n d s  and 
1 
i 

The k i n d s  and p r o p o r t i o n s  of C-0 and C-C 

T h i s  paper  i s  an  

A l l  o f  t h e  work r e p o r t e d  h e r e  was done wi th  a b e n e f i c i a t e d  I l l i n o i s  No. 6 c o a l ,  

Some O f  

One TIPS f r a c t i o n  o f  - 

i n  t h e  range  550-1550. A f t e r  h y d r o l y s i s  of  a T I P S  f r a c t i o n  by a l c o h o l i c  KOH, 
350 t o  1430, H / C  r a t i o s  ( a  

S t r o n g l y  b a s i c  amines have long  been known t o  d i s s o l v e  more c o a l  than  
We now a t t r i b u t e  t h e  h igh  s o l u b i l i t i e s  of  c o a l s  i n  t h e s e  s o l v e n t s  t o  

T h i s  c o n c l u s i o n  comes 
A f t e r  t h e s e  

With b o t h  TIPS and pyr id ine-  

The amine e x t r a c t s  from long  r e a c t i o n s  of c o a l  a t  100" a r e  a p p a r e n t l y  t r u e  
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c e n t r i f u g e d  and d r i e d  a t  76' and 1 t o r r ,  bu t  t h e n  on ly  90.5% was s o l u b l e  in EOA and 
on ly  24% was s o l u b l e  i n  p y r i d i n e  on r epea ted  e x t r a c t i o n s .  
cons ide red  t o  be e q u i v a l e n t ,  t h e  e x t r a c t  w a s  c e n t r i f u g e d  i n  an  o r d i n a r y  Centr i -  
fuge.  Another 1 .5  hour s  a t  30,000 g then produced no a d d i t i o n a l  p r e c i p i t a t e .  
Nearly a l l  t h e  s o l v e n t  was t h e n  removed from t h e  s o l u t i o n  and 200 mL of p y r i d i n e  w a s  
added t o  a 1-g sample. 
e x t r a c t i o n s  b u t  t h e  h i g h  s o l u b i l i t y  in p y r i d i n e  was unprecedented.  
t h i s  h igh  s o l u b i l i t y  is due  t o  t h e  omission of t h e  f i r s t  d r y i n g ,  b u t  t h e  presence of 
a few t e n t h s  of 1% of  BnNH2 i n  t h e  p y r i d i n e  may a l s o  have had some e f f e c t .  
d r y i n g  may p a r t l y  r e v e r s e  t h e  c l e a v a g e  o r  cause  condensa t ion  in o t h e r  ways. 

Other  Cleavage of TIPS 

and sodism, a i s o  c l e a v e  TIPS, presumably a t  C-0 bonds a s  r e p o r t e d  a t  t h e  Houston 
meet ing.(4)  
o r i g i n a l  TIPS molecu le ,  a s  measured by M . A f t e r  a l lowance f o r  bound ha logens ,  t h e  
ca rbon  r e c o v e r i e s  were u s u a l l y  90-95%. Re assume t h a t  t h e  mis s ing  m a t e r i a l  was low 
molecular  weight  wa te r - so lub le  o r  v o l a t i l e  m a t e r i a l .  l o s t  i n  t h e  workup and t h e r e f o r e  
t h a t  t h e  numbers in 'Cable 2 a r e  minimum v a l u e s .  However, t o  t h e  e x t e n t  t h a t  t h e  
p roduc t s  c o n t a i n  s a l t s  o r  o t h e r  i m p u r i t i e s  ( f o r  which w e  have no ev idence ) ,  t h e  
numbers in Tab le  2 a r e  too  l a r g e .  

A TIPS f r a c t i o n  of  M 1283 was t r e a t e d  f o r  7-15 days a t  90°C w i t h  hydrogen 
i o d i d e  i n  s o l u t i o n  i n  py ryd ine ,  t o l u e n e ,  O K  wa te r .  
weight  peak in t h e  TIPS d i sappea red  almost  comple t e ly  and was r e p l a c e d  by low 
molecular  weight  peaks.  S i m i l a r  b u t  incomplete  changes Occurred i n  to luene  and 
wa te r .  The r e a c t i o n  of H I  i n  p y r i d i n e  r e s u l t e d  in r ecove ry  of 4.4 moles of product  
p e r  1283 g of TIPS and i n c o r p o r a t i o n  of 3.03 g-atoms of i o d i n e  per  i n i t i a l  mole of 
TIPS. 
p r o d u c t ,  i n  good agreement w i t h  t h e  M d a t a  c o n s i d e r i n g  t h a t  t h e r e  was 6% loss of 
carbon and t h a t  t h e  i o d i d e  h y d r o l y s e s n a t  room t empera tu re .  

D i s t r i b u t i o n  o f  Oxygen i n  a TIPS F r a c t i o n  

ester group per ave rage  molecu le  and r e a c t i o n  wi th  H I  o r  ZnCIZ  g i v e s  - 1.2 
a d d i t i o n a l  c l e a v a g e s  p e r  TIPS molecule .  The phenol  c o n t e n t  co r re sponds  t o  3.5 
oxygen atoms p e r  a v e r a g e  molecule .  The n e t  r e s u l t  is t h a t  t h e s e  t h r e e  f u n c t i o n a l  
g roups  account f o r  64% o f  t h e  14.4% oxygen in o u r  c o a l .  T h e s e  r e s u l t s  are compared 
w i t h  r e s u l t s  of o t h e r s  in Tab le  4. The p r i n c i p a l  d i f f e r e n c e  is t h a t  w e  r e p o r t  as 
e s t e r s  what o t h e r s  r e p o r t  as ca rboxy l  g roups .  

Although t h e r e  is l i t t l e  doub t  abou t  t h e  c l eavage  o f  e t h e r s  by hydrogen i o d i d e ,  
o r  Of e s t e r s  by amines,  t h e  c l e a v a g e  of e t h e r s  by EOA and BnNH2 h a s  no precedent  in 
t h e  l i t e r a t u r e .  We have t r e a t e d  model e t h e r s  w i t h  t h e s e  amines f o r  long per iods  a t  
100°C, sometimes in t h e  p re sence  of an  e q u a l  weight  of c o a l ,  bu t  we  have found no 
ev idence  o f  r e a c t i o n  w i t h  benzyl  phenyl  e t h e r ,  d i h e x y l  e t h e r ,  4-hexyloxyphenol, o r  
t r i m e t h y l e n e  ox ide .  
e f f e c t s ,  w e  see no a l t e r n a t i v e  t o  e t h e r  c l eavage  by amines. 
of condensed a romat i c  n u c l e i  o r  t h e  uneven c o n c e n t r a t i o n  of phenol  g roups (9 )  makes 
t h e  c o a l  e t h e r s  more r e a c t i v e .  

I n  a BnNH2 e x t r a c t i o n ,  

The t o t a l  s o l u b i l i t y  i n  Table 2 is c o n s i s t e n t  w i th  o t h e r  
We t h i n k  t h a t  

The 

S e v e r a l  o t h e r  r e a p e a r s ,  mos t ly  h a l i d e s  o r  s o u r c e s  of ha logen ,  bu t  a l s o  a c i d s  

Tab le  3 g i v e s  t h e  a v e r a g e  Zumbers of molecules  r ecove red  from an  

By GPC,  t h e  high-molecular 

From t h e  i o d i n e  c o n t e n t  of t h e  p roduc t ,  we would expec t  4.03 molecules  of 

A TIPS f r a c t i o n  o f  Mn 1090, by r e a c t i o n  w i t h  a l c o h o l i c  KOH, c o n t a i n s  - 0.8 

However, s i n c e  t h e  amines and t h e  h a l i d e s  produce s i m i l a r  
Pe rhaps  t h e  involvement 

Ox ida t ions  of Coal F r a c t i o n s  
We r e p o r t e d  most o f  o u r  work on  c o a l  f r a c t i o n s  a t  t h e  A t l a n t a  Mee t ine . l l 0 )  W e  - .--, ~ 

aimed a t  maximum recove ry  o f  "b l ack  a c i d s " ,  s l i g h t l y  s o l u b l e  i n  weak aqueous b a s e ,  
w i t h  minimum l o s s  o f  ca rbon .  
w i t h  d i f f e r e n t  o x i d i z i n g  a g e n t s ,  t o  g i v e  u s  i n f o r m a t i o n  on b reakab le  C-C bonds i n  
c o a l .  For  o x i d a t i o n s ,  w e  used mos t ly  e x t r a c t e d  c o a l s  in suspens ion ,  and aqueous 
N a O C l  o r  oxygen in water a t  pH 13, add ing  sodium hydroxide t o  m a i n t a i n  t h e  pH, OK a 
suspens ion  i n  15-35% n i t r i c  a c i d .  
a c i d s  wi th  t h e  r e a g e n t s  named, w i th  E Five  
t o  10% y i e l d s  of wa te r - so lub le  a c i d s  Bere a l s o  o b t a i n e d .  

We expected i n v e s t i g a t i o n s  o f  t h e s e  b l a c k  a c i d s ,  made 

We o b t a i n e d  65-80% y i e l d s  on ca rbon  of b l a c k  
about  1000, and 12-20% los s  of carbon.  

Although t h e  n i t r i c  a c i d  
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o x i d a t i o n  products  had t h e  lowes t  H/C r a t i o s  (0 .65 from 0.73 i n  py r id ine -ex t r ac t ed  
c o a l )  o t h e r  d i f f e r e n c e s  among t h e  b l ack  a c i d s  were no t  obvious.  

Because t h e  y i e l d s  o f  b l a c k  a c i d s  w i t h  t h e  three m a i n  o x i d i z i n g  a g e n t s  were 
, s i m i l a r ,  we have compared t h e  b l a c k  a c i d s  wi th  r e s p e c t  t o  molecu la r  weight  d i s t r i -  

b u t i o n s  and wa te r  s o l u b i l i t y .  We used bo th  g e l  permeat ion chromtography (GPC) i n  
dimethylformamide and h igh  performance l i q u i d  chromatography (HPLC). s t a r t i n g  t h e  
e l u t i o n  wi th  10 mL of 25% n- ropano l  in wate r ,  fol lowed by n e a t  DMF. 
i n  a Waters column wi th  500 i pores ,  packed in DMF. HPLC s e p a r a t i o n s  were done on a 
Hamilton PRP-1 column. With each  column, t h e  f low r a t e  was 1 mL/min and a UV 
d e t e c t o r  a t  313 nn was used. S e v e r a l  known compounds were t e s t e d  on t h e  HPLC 
column: 2-naphthoic a c i d ,  t r ime l l i t i c  a c i d ,  p y r o m e l l i t i c  a c i d ,  and phenyl  benzoa te  
e l u t e d  a t  8-12 mL but  e v e r y t h i n g  e l s e  t e s t e d  (mos t ly  a romat i c  hydrocarbons,  some 
wi th  one  oxygen atom) e l u t e d  a t  24 mL o r  more. Thus t h e  HPLC column is mos t ly  a 
t e s t  f o r  water s o l u b i l i t y .  The p l o t s  of UV a b s o r p t i o n  a g a i n s t  r e t e n t i o n  t i m e  
c o n s i s t  mostly of f a i r l y  s h a r p  peaks w i t h  l i t t l e  a b s o r p t i o n  between we l l - sepa ra t ed  
peaks. 

R e s u l t s  on 11 b l a c k  a c i d s  a r e  summarized in Tab le  5 a r r anged  accord ing  t o  t h e i r  
o r i g i n s .  S e v e r a l  b l a c k  a c i d s  from N a O C l  o x i d a t i o n s  of p y r i d i n e - e x t r a c t e d  c o a l  were 
combined, d i s s o l v e d  i n  d i l u t e  b a s e ,  and f r a c t i o n a l l y  p r e c i p i t a t e d  by a d d i t i o n  of 
hydroch lo r i c  a c i d .  Sample F28D p r e c i p i t a t e d  between pH 5.5 and 5.0,  F29E between 
5.0 and 4.66. A s  expec ted ,  by GPC 28-D con ta ined  more of t h e  h i g h e s t  molecular  
weight  ( lowes t  r e t e n t i o n  volume) component a t  5 mL and less of t h e  lower molecu la r  
weight  m a t e r i a l s .  Sample F29E s u g g e s t s  t h a t  t h e  5.0 mL GPC peak co r re sponds  t o  t h e  
4.3 ML HPLC peak, b u t  t h e  correspondence is poor w i t h  Sample F29D. We s u s p e c t  t h a t  
t h e  5.0 mL GPC peak is no t  as homogeneous as i t  appea r s  and t h a t  t h e  wa te r - so lub le  
components a r e  po lyca rboxy l i c  a c i d s  t h a t  a r e  a s s o c i a t e d  i n  DMF. 

i n  Table  5. 
d a t i o n s  by sodium h y p o c h l o r i t e ,  50% n i t r i c  a c i d ,  and Ce4+ are r e l a t i v e l y  seve re .  
The most 5.0 mL component came from an o x i d a t i o n  w i t h  oxygen i n  wa te r  suspens ion  a t  
pH 1 3  and 50°C; t h i s  r e a g e n t  i s  a p p a r e n t l y  t h e  m i l d e s t  and most s e l e c t i v e  of t h o s e  
t h a t  we have used. However, 35% n i t r i c  a c i d  gave more lower molecu la r  weight  and 
wa te r - so lub le  m a t e r i a l  w i thou t  much s a c r i f i c e  of ca rbon  r ecove ry .  

By HPLC, f i v e  of  t h e  e l e v e n  b l a c k  a c i d s  gave a t  l e a s t  46% of t h e  4.3 mL com- 
ponent and seven o f  t h e  e l e v e n  have a 27.8 mL component t h a t  i s  e i t h e r  t h e  l a r g e s t  
o r  second l a r g e s t  component. S ix  of t h e  b l a c k  a c i d s  in Table 3 c o n t a i n  more t h a n  
70% of one component by e i t h e r  GPC o r  HPLC ( u n d e r l i n e d  in t h e  Table) ;  two of them 
show more than 70% of one component on b o t h  columns. 
T l O B ,  r e p r e s e n t s  68% recove ry  of  carbon i n  t h e  c o a l  f r a c t i o n .  
r e c o v e r i e s  of s o l u b l e  ca rbon  and t h e  d i f f e r e n t  e f f e c t s  o f  o x i d i z i n g  a g e n t s  on t h e  
a l i p h a t i c  and a romat i c  p o r t i o n s  o f  c o a l ,  t h e s e  chromatographic  methods o f f e r  con- 
s i d e r a b l e  p o t e n t i a l  f o r  de t e rmin ing  some ave rage  s t r u c t u r e s  i n  unprocessed c o a l .  

Ox ida t ions  wi th  m-Chloroperbenzoic Acid (MCPA) 
The o b j e c t i v e  of  t h i s  work was t o  de t e rmine  t h e  p r o p o r t i o n  of s i n g l e  methylene 

groups a s  connec t ing  l i n k s  between condensed systems in c o a l .  Th i s  problem evolved 
i n t o  a s e a r c h  f o r  d i a r y l  ke tones  i n  t h e  b l a c k  a c i d  o x i d a t i o n  p roduc t s  of c o a l  f r a c -  
t i o n s .  
e s t e r s ,  which were then  s a p o n f i f i e d .  The c r i t i c a l  measurement is a d e c r e a s e  i n  B 

wate r - in so lub le  p roduc t s  t h a t  w e  recovered from t h e  saponif icat io: ;  t h e  water- 
s o l u b l e  p roduc t s  were presumably t h e  lowes t  molecular  weight  m a t e r i a l .  
of four  experiments  d e s e r v i n g  c o n s i d e r a t i o n ,  t h e r e  w a s  a 2-9% i n c r e a s e  i n  % of t h e  
recovered a c i d s .  
t h e s e  b l a c k  a c i d s  r e p r e s e n t  on ly  18% of  t h e  ca rbon  i n  a TIPS f F a c t i o n  t h a t  w a s  
ox id i zed  wi th  50% n i t r i c  a c i d .  
ke tones  i n  t h e  b l a c k  a c i d s ,  b u t  even t h e n ,  t h e i r  p r o p o r t i o n s  were b a r e l y  measurable  
by our  MCPA method. 

GPC was done 

The 5.0 mL GPC component i s  t h e  major GPC component in most o f  t h e  b l a c k  a c i d s  
Except ions a r e  b l a c k  a c i d s  T74B, U60B, and U85A, which show t h a t  degra-  

One of t h e  l a t t e r  b l a c k  a c i d s ,  
Because of ou r  h i g h  

The d i a r y l  k e t o n e s  were expected t o  react w i t h  MCPA t o  conve r t  them t o  

t on s a p o n i f i c a t i o n  of t h e  e s t e r s .  However, we cou ld  measure t h e  R on ly  on t h e  

In t h r e e  out  

In one experiment ,  t h e r e  was a d e c r e a s e  i n  E from 410 to"391, but 

We propose t h a t  t h i s  o x i d a t i o n  concen t r a t ed  d i a r y l  
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These  r e s u l t s  i n d i c a t e  t h a t  t h e r e  a r e  no i m p o r t a n t  p r o p o r t i o n s  o f  b r i d g i n g  
methylene groups  i n  our  c o a l ,  b u t  our method i s  i n s e n s i t i v e .  However, t h e  n e x t  
s e c t i o n  shows t h a t  t h i s  c o n c l u s i o n  is c o n s i s t e n t  w i t h  most of  t h e  ev idence  from t h e  
l i t e r a t u r e .  

Cleavages i n  Diphenyla lkanes  
L i t e r a t u r e  d a t a  o n  breakdown of a , w d i p h e n y l a l k a n e s  a r e  summarized i n  Table  . .  

6. These hydrocarbons a r e  d e s i g n a t e d  by t h e  number of  methylene groups t h a t  t h e y  
c o n t a i n .  
d iphenylpropane  is most r e a c t i v e ,  followed by diphenylmethane and d iphenyle thane .  
A l l  t h e  hydrocarbons wi th  c t o  i m e t h y l e n e  groups  were c racked;  ehe e x t e n t s  of 
r e a c t i o n  ranged o n l y  from 32 t o  83%. 
most r e a c t i v e  bond i n  csa: because  a v e r y  small y i e l d  of dihydroxydiphenylmethane, 
ir. s-liich both  aryl-CH2-aryl bonds were broken ,  was o b t a i n e d .  
r e f e r e n c e s  in T a b l e  5 i n d i c a t e  t h a t  i n  t h e  absence  of A l C 1 3  O K  BF3 L i s  t h e  l e a s t  
r e a c t i v e  o f  t h e s e  hydrocarbons and t h a t  t h e r e  may not  b e  much of t h i s  k i n d  of bond 
present  i n  c o a l  anyway. Two r e f e r e n c e s  i n d i c a t e  t h a t  e t h e r  l i n k s  break  more e a s i l y  
t h a n  C-C bonds.  In terms o f  bond e n e r g i e s ,  t h e  phenyl-C bonds are s t r o n g e s t .  In 
terms o f  o u r  p r o j e c t  o b j e c t i v e ,  t h e  C-C bonds t h a t  a r e  b r e a k a b l e  i n  c o n v e n t i o n a l  
c o a l  l i q u e f a c t i o n  appear  t o  be m o s t l y ,  perhaps  e n t i r e l y ,  in sequences  o f  two or  more 
methylene groups .  

The f i r s t  r e f e r e n c e  shows t h a t  wi th  A1C13 and H2 a t  325'C, 1,3- 

The second r e f e r e n c e  i n d i c a t e s  t h a t i h a s  t h e  

However, a l l  t h e  o t h e r  

Summary and  Conclus ions  
We h a v e  shown t h a t  44% of t h e  carbon in our  b e n e f i c i a t e d  I l l i n o i s  No. 6 c o a l  

c a n  be d i s s o l v e d  by c l e a v a g e  of e s t e r  and e t h e r  l i n k s  by amines,  a c i d s ,  o r  i o d i d e s  
a t  100°C and a tmospher ic  p r e s s u r e .  
made s o l u b l e  i n  weak aqueous b a s e  by o x i d a t i o n  a t  60°C o r  below. One p r a c t i c a l  
problem in c o a l  l i q u e f a c t i o n  is now t o  t r y  t h e  u s e  of  cheaper  r e a g e n t s  t o  break  
e s t e r  and e t h e r  l i n k s ,  and t o  de termine  what tempera tures  and p r e s s u r e s  are 
r e q u i r e d .  Other  p r a c t i c a l  problems a r e  t o  reduce  t h e  consumption of  base  i n  
o x i d a t i o n s  w i t h  oxygen (pH 13 h a s  b e e n  r e q u i r e d )  and t o  s e e  i f  oxygen c a n  r e p l a c e  
p a r t  o f  t h e  sodium h y p o c h l o r i t e  or n i t r i c  a c i d  used f o r  o x i d a t i o n s .  Some remarks o n  
o u r  p r o g r e s s  a r e  expec ted  t o  b e  made a t  t h e  meeting. 

Up t o  80% of t h e  remaining carbon c a n  then  be 
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Table 1 

3EP'JTIONS OF ILLJNOIS NO. 6 COAL WIT3 EXCESS BnNH2 

Pyr id ine  e x t r a c t i o n  + 18.1% s o l .  + 81.9$ i n s o l .  

TIPS (toluene-insol.,pyr.-sol.), y i e l d s  corrected. 

Moles/1090g TIPS 
Rn TIPS BnNH2 % N  

No e x t r a c t i o n  1.68 1090 1.0 0 

24 h a t  23O 2.79 534 2.0 1.1 

9 d a t  looo 3.31 379 2.9 1.7 

Pyr id ine- inso luble ,  y i e l d s  c o r r e c t e d  (%N) 

4 h a t  23' 

16 d a t  23O 

11 d a t  1000 4 45.7% sol.(5.11)+ 52% i n s o l . ( S r 1 3 )  

3 1.35 s01.(4.36) + 97% inso1.(3.49)  

--c 7.3< sol . (4 .12)  

Table  2 

EXHAUSTIVE EXTRECTION OF ILL. 6 COAL 
BY BnNH2 

Carbon r e c o v e r i e s  
a f t e r  c o r r e c t i o n  

f o r  bound amine 

Soluble  i n  p y r i d i n e  42.7% 

Soluble  i n  BnNH2, 
not  i n  p y r i d i n e  1.5 

Undissolved 54.2 

Unaccounted f o r  1.6 
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Table  3 

MOLECULES FOETIED BY CLEAVASE OF ONE KOLECULE TIPS 
(most ly  i n  v y r i d i n e  s o l u t i o n )  

Reagent Molecules Re e gen t Mo 1 ec ules  

ZnC12 3.1 p-C 7H7SO3H 1.6 

L i  I * H20 3 . 1  
Ne in NH? + 1.6 

ZnBr2 3.0 Bum2 

Pyr id ine -HI  2.7 ?!e S i  I 1.5 
Me1 neat 2.0 LiClOJ, 1.4 
Eenzylemine 1.8 HBr 1.3 

BnMe3N+I’ 1.7 12 1.1 

Table 4 
OXYGEN DISTRIBUTIONS I N  COALS 

D i s t r i b u t i o n  of 0 
Coal %C daf  $0 OH C=O C02H Ether’1:ert Ref. 

A 79.4 12.5 48 1; 6 18 B 1 aurn ik 
E 83.0 8.4 50 2 26 it) HI 
C 88.0 4.0 30 5 0 40 25 1962.,5 
K-I 78.2 15.1 16 4 5 8 67 
K - I 1  81.1 11.7 11 5 76 WRChQWska 
K - I 1 1  87.0 6.0 5 2 25 651 OH chgnge 
K-N 87.9 4.5 8 61 23 1977 
A 92.6 4.2 5 28 67 
Canedian 89.4 3.9 24 8 48 20 Wachouska 

Ill. 6 82.5 6.7 36 6 10 42 6 Ruberto 
Subbit .  77.3 16.2 35 6 27 6 26 1978 

111. 76.0 14.4 36 ester16 12; 36 This peper 

1979 7 
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Table  5 c I’ .FRACTIONATIONS OF EL!.CK ACIDS BY GPC 4HD HPLC 

Black Re ten t ion  Times, mLn. b 
Acid O r i g i n  Yie lea  GPC HPLC 

T74B TIPS NaOCl 74 10.0 12.1 5.0 27.7 3.5 11.5 
I No. 

45 28 27 5k 18 14 

, 

c 

T57B E3.4 e x t r a c t  

F28D Pyr-extd.c 

F29E Pyr-extd. 

43 5.1 7.7 8.1 23.7 4.8 4.3 
37 20 16 & 3 2 

5.0 10.4. 6.1~ 4.3 25.0 5.6 - 88 1 0  2 46 28 7 

5.0 6.8 7.0 4.3 27.9 31.1 a 9  8 7 1 2 5  3 
T33B EDA-extd. 62 5.0 9.5 12.3 25.6 4.0 28.2 

R56B 02 in II20 5.0 7.1 9.9 24.9 3.8 4.1 
56 41 3 53 27 6 

90 5 3 33 22 22 
TlOE E.nNHz-extd. 68 5.0 11.0 8.2 4.3 27.6 31.0 

L23E Pyr-extd. l!% HNO3 68 4.8 7.9 9.7 27.8 3.9 29.0 

- 76 -13 8 E 19 2 

- 77 18 3 51 23 18 

35$ 64 5.0 7.7 10.0 4.3 27.9 31.0 
53 32 15 62 36 2 

Q3A 

U6OE EDA-extd. 505 HNO? 18 8.1 10.5 9.7 4.6 28.0 31.1 
61 25 7 58 38 3 

U85.4 TIPS CeL+ 54 8.2 5.2 10.7 25.7 4.3 6.0 

a vie12 of black  a c i d  from i n d i c a t e d  s u b s t r g t e ,  on  cerbon. 

58 20 17 40 34 9 

The numbers on t h e  seccnd lines f o r  e sch  r e t e n t i o n  t imes  e r e  
the  pe rcen t sges  of the  t o t e l  p roduc t s ,  2 s  ~ e a s u r e d  by a n  
u l t r e v i o l e t  d e t e c t o r .  

between pH 5.5-s.0corrs.0 t o  4.66d. 
c sd  Conbined b lack  a c i e s  from N s O C 1  o x i d a t i o n s  p r e c i c i t F t e d  
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Reagent 

T a b l e  6 
CLEAVAGES OF Ph-(CH*),-Ph 

A 1 C l . J  + H2 i n  
Cf,Hh, 90 m 

PhOH + BF? 

T e t r e l l n ,  18 h 

T e t r c l i n  + H2 
30 m 

Excess  t e t r a l l n  

Deca l in  + H * 
Ph3SnC1, f h 

'H NMR 

C O  + H?O, 1 h 

Temp., Order of  r e a c t i v i t y  
OC for n v a l u e s  

3 7 1- 2; 4 3 0 

1 

3 7 2 , 4  

2 > 1  

m o s t l y  e t h e r  s p l i t s  
2) 3 
N o  s l g n l f  l c a n t  amount 
o f  1 i n  THF-soluble 
pr  o&ct  s 

Reference 

Taylor,I1 
1980 

1930 

Cr;qnge€3 
Kuhlmann 

1981 Id 
~ i o t  t a  ,I7 

1 9 8 1  

3 7 2 7 1  Takemu 
E t h e r s  s p l i t  more e a s i l y  19815* 
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APPLICATION OF CROWN ETHERS AS PHASE TRANSFER CATALYSTS 

IN THE ELECTRON TRANSFER REACTIONS OF COAL 

Ramani Narayan and George T. Tsao 

Laboratory of Renewable Resources Engineering 
Purdue University 

West Lafayette, Indiana 47907 

INTRODUCTION 

The electron transfer reactions of coal as exemplified by the Sternberg procedure 
(1) for reduction and reductive alkylation has been the subject of intensive 
investigation by a number of research groups (2-5). 
problems of extended reaction time, side reactions, incorporation of the electron 
transfer agent and/or solvent into the coal. Further, in most cases, negligible 
quantities of soluble products were obtained on quenching the reaction immediately 
after the electron transfer step. 

The reaction suffers from the 

In view of this, the discovery by Pedersen (6,7) that certain macrocyclic 
polyethers called crown ethers have the ability to complex alkali metal cations, 
and the results of Dye (E), Kaempf (9) in the solubilization of alkali metals using 
these.crown ethers, prompted us to envision the use of crown ethers to act as 
phase transfer catalyst in the electron transfer reaction with coal. 

Thus, a stable solution of electrons can be prepared in an inert ethereal 
solvent like THF at room temperature because the equilibrium 

M M+ + e- solvated 

is shifted to the right by the complexation equilibrium 

M+ + crown ether + M+ CE - complex 
The limitations of solubility, decomposition problems, reactivity and 

incorporation of the electron transfer agent can be overcome. 

Another important facet of the crown ethers is that they have been successfully 
employed as reagents for direct solid-liquid phase transfer reactions (10). Thus, 
the problem of interphasic electron transport from solution to the aromatic 
substrate in coal would be solved, because the crown ether can function as a 
phase-transfer catalyst. 

Further, the complexation of K by crown ether results in the metal cation 
being held inside the cavity of the crown ether and the resulting ion pair is 
loose. This would promote the irreversible electron transfer with bond cleavage 
(11). 

EXPERIMENTAL 

Coal: The Illinois No. 6 coal from the Burning Star No. 2 mine (courtesy of the 
Southern Company Services, Inc.) C-68.25%, ~-S.30%, ~-1.69%, s-3.62%, Ash-17.7% was 
used in the studies. It was demineralized, (12) extracted with Ben2ene:Methanol 
(3:l) to remove the trapped organic, and dried in vacuum at 100Dc for 24 hours 
before use. 

- 
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Reagents: 
e t h e r  has a hole 2.6-3.2 A i n  diameter. 
f o r  t he  study was potassium because its ion ic  diameter is 2.66 A and should, 
t he re fo re ,  f i t  n ice ly  i n  t h e  crown e the r  hole r e su l t i ng  i n  a 1:l complex. Using a 
1:l molar r a t i o  of potassium t o  crown e t h e r  ( C E ) ,  a 0.14 molar and 0.28 molar 
so lu t ion  was prepared which w a s  deep b lue  i n  co lo r  c l e a r l y  ind ica t ing  t h e  presence 
of ' so lva ted  e l ec t rons '  i n  so lu t ion .  This was reac ted  with d i f f e r e n t  weights of 
coa l  under a blanket of nitrogen and t h e  reac t ion  quenched with water. 

The crown etheg se l ec t ed  f o r  study was the  18-crown-6, 1. This crown 
The e l ec t ron  donor a l k g l i  metal se lec ted  

RESULTS AND DISCUSSION 

Analysis:  
reagent  with coal was determined by measuring t h e  d i f fe rence  i n  the  volume of 
hydrogen evolved when the  blank reagent and the  reac t ion  mixture was quenched with 
water a f t e r  t he  same reac t ion  period. To e s t a b l i s h  the  accuracy of our ana ly t i ca l  
method and the  v a l i d i t y  of our reagent as an e l ec t ron  t r a n s f e r  agent,  it was 
reac ted  with standard compounds and the  mole of compound consumed per  g-atom of 
potassium computed by the  hydrogen evolution method. 
favorably with those reported i n  l i t e r a t u r e  (13) f o r  the  same compound using a 
d i f f e r e n t  e l ec t ron  t r a n s f e r  agent and a d i f f e r e n t  ana ly t i ca l  method (Table 1). 

The percent g-atom of potassium consumed i n  t h e  reac t ion  of t h e  K-CE -- 

The values obtained compare 

TABLE 1 

Mol of Compound Required L i t e ra tu re  
Compound per  g-atom of Metal Value 

Benzil  0.6 0.50 

2-Butanol 1.29 

Naphthalene 0.58 

1.1 

0.50 

Effec t  of Elec t ron  Concentration and Time:  The percent g-atom of potassium 
consumed i n  the  reac t ion  i s  a measure of t he  uptake of e l ec t rons  by the  coa l  
r e s u l t i n g  i n  the  formation of t h e  coa l  r a d i c a l  anion which undergoes cleavage a t  
t h e  e the r  and su l fu r  l inkages.  I n  the  r eac t ion  of a 0.14 molar so lu t ion  of K i n  
THF with d i f f e r e n t  weights of coa l ,  t he  metal consumption increased with coal 
weight u n t i l  it l eve l l ed  of f  a t  t h e  l a r g e r  coa l  weights (Fig. 1). 

One can deduce from t h i s  t h a t  fo r  a given molar so lu t ion  of metal, there  i s  a 
c e r t a i n  concentration of e l ec t rons  present  which i s  going t o  be dependent on t h e  
amount of crown e the r  used. A s  t h e  coa l  weight increases ,  t he  aromatic subs t ra tes  
ava i l ab le  f o r  e lec t ron  t r a n s f e r  i nc reases  and more e l ec t rons  a r e  t r ans fe r r ed  t o  
coa l  which i s  r e f l ec t ed  i n  the  amount of K consumed. This w i l l  continue till a t  a 
c e r t a i n  coal weight, a l l  the  ava i l ab le  e l ec t rons  ge t  t r ans fe r r ed .  
i nc rease  i n  coal weight w i l l  s t i l l  r e f l e c t  t he  t r a n s f e r  of a l l  the  ava i l ab le  
e l ec t rons  and the  K consumed w i l l  be t h e  same i n  each case.  For the  0.14M solu t ion ,  
t h e  minimum weight of coa l  requi red  t o  be ab le  t o  take  up a l l  t h e  ava i l ab le  e lec t rons  
is  100 mg. 

Any fu r the r  

Increasing t h e  K concentration t o  0.31 molar showed a dramatic increase  i n  the 
percent  K consumed (Fig. 2 )  although t h e  p l o t  of percent K consumed aga ins t  coa l  
weight followed t h e  same pa t t e rn  a s  t h a t  obtained f o r  t h e  0.14 molar so lu t ion .  It 
is  probably t h a t  a t  t h i s  increased e l ec t ron  concent ra t ion ,  a two e l ec t ron  t r a n s f e r  
is  taking p lace  with the  formation of t h e  coa l  dianion and a t  t h e  lower concentration, 
a one e lec t ron  t r a n s f e r  occurs with the  formation of the  r ad ica l  anion (Scheme 1). 

262 



\ Since complete electron transfer takes place at the 100 mg coal weight, it was 
selected for a time study. 
thirty minutes and then levels off (Fig. 2). This suggests that the transfer of 
electrons proceeds very rapidly and is complete in thirty minutes with the electron 
concentration obtained from a 0.14M K/THF solution. 

Solubility Studies: 
m o l  Of K in the THF with 20 m o l  crown ether (0.2 molar in K), stirred for six 
hours and quenched with water. 
was washed extensively with water to remove the K-salts and crown ether and 
extracted with THF. 
Of feed coal - wt of THF insoluble residue/wt of feed coal x 100. The elemental 
analysis and solubility of the feed coal and solubilized coal is summarized in 
Table 2 .  

The K consumption increases very rapidly in the first 

Based on the above studies, 1 g of coal was treated with 20 

After rotaevaporating to dryness, the reacted coal 

The degree of conversion was calculated as % solubility = wt 

TABLE 2 

*THF 
Sample - C - H 2 Solubility H/C 0 (By diff) 

Feed Coal 74.47 4.97 3.55 1.42 5.9% 0.8 15.59 

Reacted Coal (1 g Coal/ 74.41 7.39 2.0 1.40 52.% 1.12 14.80 
0.2M K-THF Solution) 

*Based on coal residue insoluble in THF. 
presence of moisture crown ether, etc., would only mean more THF solubility than 
obtained. 

'H and 13c NMR Studies: 
shown in Fig. 3, while fhe proton decoupled *'C NMR spectrum is shown in Fig. 4. 
The integration in the H NMR shows that the ratio of H :H is 1:4. The broad 
peak around 3.4 ppm is assignable to the hydroxyl proto%. '?fie sharp resonance 
signals in the 1-1.6 ppm region are assigned to the R-CH -R grouping. 
also arise from methyl protons (CH3-R), however, the absence of any methyl carbon 
resonances in the 11-22 ppm region rules out this possibility. 
appearance of a group of signals in the 28-34 ppm region confirms the presence of 
methylene groups (-CH - )  in a saturated ring system. This, in all probability, 
would be a saturated six-membered ring system joined to an aromatic ring system. 
The strong resonance signal at 69.7 pprn evidently comes from the C atom bearing the 
hydroxyl group (-CHOH) in the saturated ring. The aromatic ring carbons appear in 
the 125-145 ppm region. The 125-128 ppm signals are due to the protonated aromatic 
carbons and the 138-145 ppm signals due to quaternary mapthalenic type carbons. 

Thus any error in the weight due to 

The 470 MHz 'H NMR ectrum of the solubilized coal is 

These could 2 

Furthermore, the 

2 .  

Thus, by using a phase transfer catalyst 18-crown-6, rapid and effective 
electron transfer to coal has been achieved. This has resulted in the formation of 
coal radical anions or dianions depending on the concentration of the solvated 
electrons in solution (Scheme 1). 
reactions (Scheme 2) resulting in depolymerization as demonstrated by the considerable 
increase in THF solubility from 5.9% for the starting coal to 52% for the reacted 
coal. 
atoms per 100 C atoms is due in part to hydrogen pick-up from the capping of the 
cleavage coal radical or anion fragments. 
cleavage of the ether bonds in coal is supported by the pre ence of a large percent 
of hydroxyl groups in the solubilized coal as indicated by 
reduction of the aromatics to hydroaromatics would account for the uptake of the 
remaining hydrogen atoms (S heme 313and 1s supported by the appearance of the R- 
CH -R grouping in both the H and NMR. 

These ions have undergone facile cleavage 

The increase in the H/C ratio from 0.8 to 1.12 representing an uptake of 32H 

That this corresponds to reductive 

5 HNMR. A Birch type 

E 
2 
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Scheme - 1 

Radical Anion Dianion 
3 - 2 - 

R = Aromatic,Hydroaromatic 

x = -0, s 
- CH2Ar, -S A r  

CLEAVAGE (Scheme 2) 

2- PolyAr. t O X R - P o 1 y A r - O  + OX - R + 3 

mino process + 1 R ' O H  

D imer i za t i on  PolyArH t R - XH 

2 

REDUCTION (Scheme 3 )  

PolyAr - X - RH. PolyAr - X - RH 0. R'OH 

Anion 

PolyAr - X - RH2 

Dihydro Compound 
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THE EFFECT OF LIQUEFACTION CONDITIONS ON THE TRACE ELEMENT CONTENT 
OF SOLUBLE COAL-DERIVED NON-VOLATILE PRODUCT 

J. W. He l l ge th ,  R. S. Brown and L. T. Tay lor  

Department o f  Chemist ry  

Blacksburg, V i r g i n i a  24061 
V i r g i n i a  Po ly techn ic  I n s t i t u t e  and S ta te  U n i v e r s i t y  

! NTRGDUCTION 

Trace element data on coa l -de r i ved  products  a t  t he  p i l o t  p l a n t  stage 
are g e n e r a l l y  a v a i l a b l e .  Several years ago the feed coal  (Kentucky hvBb(1) 
and West V i r g i n i a  hvAb(2)) and products  from a s i n g l e  ba tch  o f  a long- term 
l i q u e f a c t i o n  run  on a 400 l b  c o a l l d a y  process development u n i t  were sampled. 
P r e f e r e n t i a l  removal of s e l e c t e d  elements from the l i q u i d  product  v i a  
c e n t r i f u g a t i o n  was observed i n  each case. I r o n - c o n t a i n i n g  m ine ra l s  were 
p r e f e r e n t i a l l y  removed if the  West V i r g i n i a  coa l  was employed; whi le ,  
aluminum s i l i c a t e s  were removed w i t h  Kentucky coa l .  Numerous elements (V, 
C r ,  bh, N i ,  B, Be, Ti,  As) d i d  n o t  show p r e f e r e n t i a l  removal upon 
c e n t r i f u g a t i o n .  
m o i e t i e s .  

Other elements were p r e d i c t e d  t o  be associated w i t h  o rgan ic  

l a t e r  mu l t i - e lemen t  a n a l y s i s  data on wet-ashed Pmax feed coal ,  t he  
ch lo ro fo rm-so lub le  so l ven t  r e f i n e d  coal  ( W i l s o n v i l  l e ,  AL demonstrat ion 
f a c i l i t y )  d e r i v e d  theref rom and severa l  s i z e  e x c l u s i o n  chromatographic 
f r a c t i o n s  were obta ined . ( 3 )  Apprec iab le meta l  concen t ra t i on  was found i n  
p r a c t i c a l l y  a l l  samples. Fo r  severa l  elements, concen t ra t i ons  were h ighe r  
i n  SRC than i n  i t s  parent  feed c o a l .  Th i s  obse rva t i on  suggested the 
presence o f  o rganometa l l i c  spec ies s ince  these m a t e r i a l s  were so lub le  i n  a 
wide v a r i e t y  o f  o rgan ic  so l ven ts  and had passed 5.0 um f i l t e r s .  

t r a c e  elements present  i n  process streams o f  SRC I and SRC I 1  (Tacoma, WA 
demonstrat ion f a c i l i t y )  p roduc ts  d e r i v e d  from a Western Kentucky coa l  . (4 )  I n  
t h e  SRC I process the  f i l t e r e d  m ine ra l  res idue  was observed t o  be the  s ink  
f o r  most t r a c e  elements w i t h  t h e  excep t ion  o f  T i ,  C1, B r  and Hg. The SRC I 
produc t  was found t o  c o n t a i n  l e s s  than  24: o f  t h e  e lementa l  concen t ra t i ons  i n  
t h e  c o a l .  The SRC I 1  d i s t i l l a t e  product  conta ined l e s s  than 1% o f  the  
e lementa l  con ten t  o f  t h e  feed coa l .  A l l  elements were depleted i n  SRC I 
r e l a t i v e  t o  the coa l  except B r .  

A more recen t  s tudy (5 )  has been concerned w i t h  SRC's which d i f f e r  ( f rom 
each o the r )  e i t h e r  i n  feed coal  source, convers ion s e v e r i t y  o r  method of 
r e s i d u e  removal. These m a t e r i a l s  o r i g i n a t e d  a t  t he  W i l s o n v i l l e  f a c i l i t y  and 
were d i r e c t l y  analyzed as f i l t e r e d  p y r i d i n e  s o l u t i o n s  v i a  atomic m i s s i o n  
spect rometry .  O f  t he  me ta l s  observed, those which showed any s i g n i f i c a n t  
c o n c e n t r a t i o n  (10-1000 pg/g o f  SRC) were A l ,  8, Cu, Fe, S i  and T i .  West 
Kentucky SRC from d i f f e r e n t  mines ( L a f a y e t t e  and F ies )  e x h i b i t e d  s i m i l a r  
me ta l  content  w i t h  few except ions.  The e f fec t  on e lementa l  c o n c e n t r a t i o n  o f  
m i n e r a l  ma t te r  removal v i a  f i l t r a t i o n  o r  c r i t i c a l  so l ven t  deashing was 
v a r i e d .  The most s i g n i f i c a n t  changes were seen w i t h  Ca, Fe, S i  and T i .  
W i t h  the  except ion of T i ,  t h e  e lementa l  c o n c e n t r a t i o n  i n  t h e  CSD product  was 
two t imes  or  g rea te r  than the  c o n c e n t r a t i o n  o f  the f i l t e r e d  product .  An 
i nc rease  i n  hydrogen pressure (2000-2100 p s i )  and temperature (418"-450"C) 
had a minimal e f f e c t  on meta l  con ten t .  Only  f o r  Ca, S i  and Ti was t h e r e  
g r e a t e r  than 50% r e d u c t i o n  i n  c o n c e n t r a t i o n  on going t o  more severe r e a c t i o n  
c o n d i t i o n s .  Those me ta l s  which are expected t o  be most s t r o n g l y  
organo-bound ( i  .e. t r a n s i t i o n  me ta l s )  d i d  no t  s i g n i f i c a n t l y  change 
c o n c e n t r a t i o n  as a f u n c t i o n  o f  process ing c o n d i t i o n s .  
elements such as A l ,  Ca, t?g and S i ,  on t h e  o the r  hand, appeared t o  f l u c t u a t e  

Neutron a c t i v a t i o n  a n a l y s i s  has been employed t o  o b t a i n  i n f o r m a t i o n  on 

M i n e r a l - r e l a t e d  
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i n  concen t ra t i on  w i t h  process ing parameters. 

AS can be seen above, a l l  t r a c e  element s tud ies  have invo lved  
coa l -de r i ved  process so lvents ,  p i l o t  p l a n t  sampling, l eng thy  and r a t h e r  
severe r e a c t i o n  c o n d i t i o n s  and m o s t l y  b i tuminous feed coa ls .  I n  severa l  o f  
these i n v e s t i g a t i o n s  a n a l y t i c a l  methods were app l i ed  t o  the ashed sample 
r a t h e r  than t o  the unmodif ied m a t e r i a l  where l ess  sample-handling and less  
o p p o r t u n i t y  f o r  i n t r o d u c t i o n  o f  i m p u r i t i e s  are poss ib le .  

number o f  " in-house" sho r t - con tac t  t ime SRC's prepared w i t h  va r ious  bas i c  
n i t rogenous and non-basic model process so l ven ts  w i t h  both b i tuminous and 
subbituminous coa ls .  Data are repo r ted  as a f u n c t i o n  o f  l i q u e f a c t i o n  t ime  
and temperature, method o f  res idue  removal and so l ven t  s o l u b i l i t y .  I n  
a d d i t i o n ,  s i z e  exc lus ion  chromatography (SEC) o f  se lected SRC's w i t h  
metal - s p e c i f i c  i n d u c t i v e 1  y coup1 ed p l  asma atomic emission spec t romet r i c  
(ICP-AES) "on - l i ne "  d e t e c t i o n  w i l l  be u t i l i z e d  t o  a id  i n  de te rm in ing  the 
fa te  o f  t r a c e  me ta l s  d u r i n g  l i q u e f a c t i o n .  

RESULTS AND DISCUSSION 

Trace meta l  ana lys i s  o f  18 elements i n  p y r i d i n e  v i a  ICP-AES has been 

We wish t o  r e p o r t  s o l u b l e  t r a c e  meta l  ana lys i s  da ta  on an ex tens i ve  

performed on numerous in-house SRC's i n  order  t o  determine the  e f f e c t  o f  
va r ious  convers ion parameters on metal con ten t .  Table I l i s t  p y r i d i n e  
s o l u b l e  SRC ( I n d i a n a  V c o a l )  metal concen t ra t i ons  as a f u n c t i o n  o f  process 
so l ven t .  I n  o rde r  t h a t  some p o i n t  o f  re fe rence  be e s t a b l i s h e d  i n  comparing 
analyses, concen t ra t i ons  are expressed i n  pg  o f  meta l  per  gram o f  e x t r a c t e d  
mo is tu re - f ree  coa l  no t  o f  SRC. The numbers i n  each case are r e p r e s e n t a t i v e  
o f  two independent l i q u e f a c t i o n  runs and r e s p e c t i v e  meta l  de te rm ina t ions .  
R e l a t i v e  standard d e v i a t i o n s  v a r i e d  between 1% and 10% depending on the 
l e v e l  o f  meta l .  S i g n i f i c a n t  metal content  i s  found f o r  12 o f  18 meta ls  
moni tored.  The h ighest  concen t ra t i ons  i n v a r i a b l y  are observed w i t h  Fe, S i  
and Ti rega rd less  o f  t he  process so l ven t  employed. 
con ten t  does n o t  appear t o  be g r e a t l y  i n f l uenced  by t h e  va r ious  process 
so l ven ts  employed. I n i t i a l l y ,  one might  have argued t h a t  the presence o f  a 
good l i g a n d  donor so l ven t  such as THQ would complex and s o l u b i l i z e  more 
meta l  than a poor l i g a n d  donor so l ven t .  Th is  i s  no t  the case w i t h  Ind iana  V 
SRC. A g rea te r  than t e n - f o l d  change i n  metal con ten t  w i t h  the  fou r  so l ven t  
systems i s  observed o n l y  w i t h  Ca (17.4-319.9) and Mn (3.73-48.4); wh i l e ,  A1 
(20.3-121.0) and S i  (27.1-208.0) a l so  r e f l e c t  a r a t h e r  l a r g e  f l u c t u a t i o n  i n  
concen t ra t i on .  Those elements r e f l e c t i n g  the g r e a t e s t  f l u c t u a t i o n  i n  
concen t ra t i on  are p robab ly  m ine ra l  r e l a t e d .  D i f f e rences  i n  bo th  m ine ra l  
p a r t i c l e  s i ze  d i s t r i b u t i o n  and v i s c o s i t y  o f  t he  SRC e x t r a c t  (which would 
a f f e c t  the separat ion achieved by c e n t r i f u g a t i o n )  cou ld  cause t h i s  
v ar i a t  i on. 

In genera l ,  metal 

Data were a lso obta ined as a f u n c t i o n  o f  r e a c t i o n  t ime (10 and 30 
minutes)  f o r  p y r i d i n e  so lub le  SRC de r i ved  from Wyodak # 3  coa l .  Increased 
r e a c t i o n  t ime  lowers the  con ten t  of most me ta l s .  Again, many o f  those 
elements decreasing i n  s o l u b l e  meta l  c o n c e n t r a t i o n  w i t h  an increase i n  
r e a c t i o n  t ime could be m ine ra l  r e l a t e d  (Ca, Mg, S i  and T i ) .  A poss ib le  
exp lana t ion  fo r  t h i s  obse rva t i on  i s  t h a t  a l onger  r e a c t i o n  t ime may more 
e x t e n s i v e l y  de-complex these elements the reby  removing them from the  
p y r i d i n e  so lub le  SRC i n t o  the  res idue .  
i n  t h a t  one might  have reasoned t h a t  a longer  r e a c t i o n  t ime would lead t o  
more ex tens i ve  meta l  s o l u b i l i z a t i o n  ( i  .e. m ine ra l  ma t te r  conve r t i ng  t o  
o r g a n o m e t a l l i c s ) .  
which show an increase i n  c o n c e n t r a t i o n  w i t h  r e a c t i o n  t ime.  

This  f i n d i n g  i s  somewhat s u r p r i s i n g  

Th is  may ve ry  we l l  be the case w i t h  Ag, A l ,  Cu and Fe 

The most dramat ic  change i n  SRC meta l  con ten t  i s  found w i t h  the 
e x t r a c t i o n  so l ven t  employed. 
ob ta ined  on t o luene  and p y r i d i n e  s o l u b l e  f r a c t i o n s  (Wyodak #3 SRC). 

Table I 1  compares the  ana lys i s  o f  9 elements 
The 
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TABLE I 

METAL ANALYSIS DATA OF SRC'S PREPARED WITH 
VARIOUS PROCESS S O L V E N T S ~ , ~  

TETRALIN/PYRENE THQ TETRALIN/MN TETRALIN/THO/PYRENE 
(50:50) (100) (50:50) (25: 50:25) 

92.8XC E l  emen t 86.4%C 93.7%C 91.9%C 

A1 50.9 
B 95.4 
Ca 319.9 
cu 10.2 
Fe 240.3 
Mg 17.9 
Mn 21.5 
Ni 21.9 
S i  132.9 
T i  133.4 
V 6.17 
Zn 40.8 

107.0 20.3 
97.9 104.0 
65.7 17.4 
6.87 9.01 
165.4 277.4 
19.2 6.93 
3.73 48.4 
19.9 12.4 
201.4 27.1 

121.0 
105.1 
90.4 
5.35 
219.8 
5.35 
13.4 
30.1 
208.0 

113.7 116.2 199.9 
5.06 4.82 9.04 
19.2 15.4 27.3 

aInd iana V Coal; S:C, 2:1, 400'C; 30 minutes; 7.5 MPa H2 

b<l pg/g MF Coal measured f o r  Ag, Ba, Cd, C r ,  Mo, Sn. U n i t s  are pg/gMF 
coal. 

CPyr id ine  Conversion (MAF) 

TABLE I 1  

METAL ANALYSIS DATA OF PYRIDINE AND 
TOLUENE SOLUBLE SRC'Sa 

WYODAK #3b INDIANA Vb 

To1 uene Pyr i d  i n e  Toluene 
Conver s i onc Conversionc Conversionc 

Element 77.85% 82.59% 84.2% 

A1 21.5 436.6 6.44 
B 4.56 6.82 40.9 
Ca 18.4 135.2 3.01 
Fe 25.6 207.5 9.58 
Mg 
N i  
S i  

0.81 
1.72 
17.9 

68.8 0.63 
5.63 0.74 
775.6 16.9 

T i  15.9 130.0 7.48 
Zn 3.71 8.83 6.74 

aTHO; S:C, 2:l; 418'C; 7.5 MPa H2; 30 minutes 

b < l  pg/g MF Coal: 

CMAF b a s i s  

Ag, Ba, Cd, C r ,  Mn, Mu, Sn, V (Toluene) 
<1 pg/g  MF Coal: Cd, Mo, Sn ( P y r i d i n e )  

P y r i d i n e  
Conversionc 
93.9% 

170.1 
93.7 
90.0 
141.3 
19.7 
6.57 
314.5 
43.9 
15.1 
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d i f f e r e n c e s  i n  c o n c e n t r a t i o n  are l a r g e .  I n  many cases meta l  concen t ra t i ons  
are approx imate ly  one t o  two o r d e r s  of magnitude h ighe r  i n  p y r i d i n e  so lub le  
SRC r e l a t i v e  t o  to luene s o l u b l e  SRC. Also, t h e  number o f  elements appearing 
a t  concen t ra t i ons  l e s s  than 1 pg/g MF coal are 3 t imes  more numerous f o r  
to luene s o l u b l e  SRC r e l a t i v e  t o  p y r i d i n e  s o l u b l e  SRC (9  versus 3) g iven 
n e a r l y  the  same percent  conve rs ion .  
impor tant  i n  t h a t  i t  i n d i c a t e s  t h a t  t he  me ta l s  concen t ra te  themselves i n  the 
to luene i n s o l u b l e - p y r i d i n e  s o l u b l e  products .  
11) are observed w i t h  SRC d e r i v e d  from Ind iana  V. 
i m p l i c a t i o n  r e g s r d i n g  metal s p e c i a t i o n .  The g rea te r  concen t ra t i on  o f  me ta l s  
i n  the p y r i d i n e  s o l u b l e  f r a c t i o n  suggests t h a t  the n a t u r e  o f  many o f  these 
so lub le  coa l -de r i ved  meta ls  i s  more l i k e  a c o o r d i n a t i o n  complex r a t h e r  than 
a t rue  o rganometa l l i c  metal t o  carbon bonded species.  

Th is  obse rva t i on  i s  e s p e c i a l l y  

Again s i m i l a r  f i n d i n g s  (Table 
Th is  f i n d i n g  has an 

Trace meta l  ana lys i s  da ta  a r e  a l so  a v a i l a b l e  f o r  SRC m a t e r i a l  de r i ved  
from f o u r  d i f f e r e n t  Wyodak coa ls ,  Table 111. I d e n t i c a l  l i q u e f a c t i o n  
c o n d i t i o n s  were employed. Conversions are based on p y r i d i n e  s o l u b i l i t y  
which accounts f o r  t h e  r e l a t i v e l y  h i g h  metal con ten ts  found. A r e l a t i v e l y  
wide v a r i a t i o n  (>200X) e x i s t s  between h igh  and low s p e c i f i c  meta l  content  
f o r  the f o u r  SRC's even though t h e y  are a l l  d e r i v e d  from Wyodak coa ls .  The 
h ighest  metal content  appears t o  be almost u n i f o r m l y  associated w i t h  SRC 
f rom Wyodak #4 coal  (e.g. 13 out  o f  18 e lements) .  Our Wyodak coa ls  d i f f e r  
cons ide rab ly  from each o the r  i n  ash con ten t ,  f i x e d  carbon, %C, %O and %S. 
Table I V  l i s t s  u l t i m a t e  and prox imate analyses f o r  these f o u r  coal  samples. 
On a mo is tu re  f r e e  b a s i s  t h e  ash con ten t  o f  Wyodak #3 i s  approx imate ly  
double the ash content  o f  t he  o t h e r  Wyodak coa ls ;  y e t ,  i t s  SRC has the  
lowest meta l  con ten t  f o r  h a l f  o f  t h e  elements moni tored.  
which c o n t a i n s  the  h ighes t  c o n c e n t r a t i o n  o f  s o l u b l e  me ta l s  has a feed coal  
o f  i n te rmed ia te  ash con ten t  and percent  s u l f u r  and the  lowest percent 
oxygen. This  l ack  o f  c o r r e l a t i o n  between ash con ten t  and s o l u b l e  SRC meta l  
content  suppor ts  the  i dea  o f  organo-bound meta l s  i n  coa l -de r i ved  products .  
I n  f a c t  SRC s o l u b l e  metal con ten t  appears t o  n o t  c o r r e l a t e  w i t h  e i t h e r  ash, 
mois ture,  v o l a t i l e s  no r  f i x e d  carbon con ten t .  A genera l  t r e n d  o f  metal 
content  versus percent  convers ion i s  a l s o  no t  apparent. 

I n fo rma t ion  rega rd ing  the  number o f  groups o f  spec ies f o r  a p a r t i c u l a r  
meta l  and the  e f f e c t i v e  mo lecu la r  s i z e  o f  each group have been obta ined v i a  
SEC-ICP-AES on both p y r i d i n e  and to luene  so lub le  Wyodak #3 SRC (Table 11). 
I n  both cases t h e  SRC was generated under i d e n t i c a l  l i q u e f a c t i o n  c o n d i t i o n s .  
Seven common elements (Ca, Cu, Fe, Mq, S i ,  T i ,  B) were ch romatog raph ica l l y  
de tec tab le  i n  b o t h  SRC's employing p y r i d i n e  e l u t i o n  (e.g.  t o luene  so lub le  
m a t e r i a l  was re -d i sso l ved  i n  p y r i d i n e  and e l u t e d  from the  column w i t h  
p y r i d i n e )  and a u - s t y r a g e l  column. As might  have been expected a g rea te r  
o v e r a l l  c o n c e n t r a t i o n  o f  metal  i s  de tec ted  i n  t h e  separa t i on  o f  p y r i d i n e  
s o l u b l e  SRC than to luene  s o l u b l e  SRC. A g rea te r  c o n c e n t r a t i o n  o f  l a r g e r  
" s i zed"  m a t e r i a l  i s  a l so  observed i n  p y r i d i n e  s o l u b l e  SRC (VR-85) r e l a t i v e  
t o  to luene s o l u b l e  SRC (VR-39) as evidenced by t h e  g rea te r  m i s s i o n  
i n t e n s i t y  of t he  e a r l i e r  e l u t i n g  me ta l - con ta in ing  species i n  the r e s p e c t i v e  
metal lograms. T o t a l l y  s ize-exc luded m a t e r i a l  ( r e t e n t i o n  volume B 3.5 mL) as 
w e l l  as s e l e c t i v e l y  permeated meta l  spec ies are apparent. Th is  imp l i es  t h a t  
t h e r e  e x i s t s  a group o f  o rgano-meta l l i cs  o f  r a t h e r  l a r g e  s i z e  and another 
( u s u a l l y  broader)  d i s t r i b u t i o n  o f  o rganometa l l i cs  of cons ide rab ly  smal ler  
s i z e .  This bimodal behavior  i s  e s p e c i a l l y  pronounced i n  the p y r i d i n e  
s o l u b l e  f r a c t i o n s .  

SRC from Wyodak #4 

Me ta l l og raph ic  comparison d a t a  are a v a i l a b l e  on SRC's prepared at  
d i f f e r e n t  r e a c t i o n  t imes. 
g r e a t e r  number of ch romatog raph ica l l y  de tec tab le  me ta l s  was r e a l i z e d .  
Changes in  r e a c t i o n  t ime  do no t  appear t o  cause as ex tens i ve  a l t e r a t i o n s  i n  
meta l  s ize d i s t r i b u t i o n  as changes i n  r e a c t i o n  temperature.  The minor 
changes which are observed are n o t  c o n s i s t e n t  from one meta l  t o  another. 
More s p e c i f i c a l l y ,  B and Ca appear t o  have a g r e a t e r  c o n c e n t r a t i o n  o f  l a r g e  

P y r i d i n e  e x t r a c t i o n  was employed; the re fo re ,  a 
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TABLE 111 

METAL ANALYSIS DATA OF SRC'S PREPARED WITH 
DIFFERENT WYODAK C0ALSa.C 

E 1 emen t 
A9 
A1 
B 
Ba 
Ca 
Cd 
C r  
cu 
Fe 
M9 
Mn 
Mo 
N i  
S i  
Sn 
T i  
V 
Zn 

Wyodak #1 
72.3%h 
1.57 
397.0 
31.8 
3.76 
1567 

1.17 
5.64 
125.0 
391 .O 
19.6 

13.8 
113.0 

49.0 
4.28 
11.6 

Wyodak #2 
84.7%b 

312.0 
28.5 
3.27 
1228 

2.35 
4.07 
171.0 
258.0 
21.9 

17.6 
170.0 

44.2 
4.34 
22.1 

Wyodak #3 
85.4Xb 
0.97 
194.0 
14.9 
0.97 
540.6 

1.70 
6.92 
157.9 
90.5 
7.12 

20.6 
104.5 

39.5 
5.28 
9.43 

Wyodak #4 

5.75 
483.0 
28.6 
15.9 
4069 
2.02 
4.28 
13.1 
180.0 
320.0 
17.0 
4.35 
53.0 
169.0 

66.9 
7.10 
52.7 

83.3%b 

a50% t e t r a l i n / 5 0 %  methyl naphthalene; S:C, 2:l; 400°C; 7.5 MPa H2; 

bPy r id ine  convers ion (MAF) 

CUnits are pg/g o f  MF coal 

30 minutes. 

TABLE I V  

ULTIMATE AND PROXIMATE ANALYSES 

a a a a C 
Wyodak Wyodak Wyodak Wyodak Ind V 
#1 #2 #3 #4 

%C 65.81 64.00 48.27 64.80 65.8 
%H 5.15 5.34 4.47 5.59 5.0 
%N 0.86 0.85 0.71 0.88 1.4 
%D 21.19 20.97 24.32 17.52 7.6 
%S 0.41 1.07 6.60 1.96 3.7 
Ash 5.1 5.9 20.3 0.1 10.3 
Mo i s t  ure 9.9 8.1 7.0 7.6 5.1 
Vol a t  i 1 es 36.1 37.7 35.0 39.4 37.4 

Fixed Carbon 49.3 48.3 37.7 44.9 47.2 
(54.8) (52.6) (37.0) (48.6) 

(40.1) (41.0) (41.4) (42.6) 

aSamples prepared by d r y i n g  f o r  5 days, 133 Pa, 20°C t o  remove storage water. 

bNumbers i n  pa ren thes i s  are prox imate analyses on m o i s t u r e  f r e e  bas i s  
ob ta ined  i n  our l a b o r a t o r y .  

CData obta ined from Kerr  McGee Corp., Cresent, OK. 
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s i z e  species a t  t he  longer  r e a c t i o n  t i m e  (30 minutes)  than the  sho r te r  one 
(10  minutes) .  The reve rse  s i t u a t i o n  operates w i t h  Cu, Fe, T i  and Zn. An 
i n t e r p r e t a t i o n  o f  these r e s u l t s  suggest t h a t  B and Ca may i nco rpo ra te  w i t h  
i n i t i a l  reg ress i ve  r e a c t i o n  products ;  whereas Cu, Fe, Ti and Zn are t i ed -up  
more w i t h  t h e  p rog ress i ve  r e a c t i o n  products .  A longer  r e a c t i o n  t ime  should 
be conducive t o  both pr imary-secondary product  p rog ress i ve  r e a c t i o n s  as well 
as t o  reg ress i ve  r e a c t i o n  behavior .  

1. 

2. 

3. 

4. 

5. 

REFERENCES 

R. G. L e t t ,  C. E. Schmidt, R. R. CeSantis and A. G. Sharkey, "Screening 
f o r  Hazardous Elements and Compounds i n  Process Streams o f  the 1/2 Ton 
Per Day SYNTHOIL Process Development Un i t " ,  PERC/RI-77/12, October, 
1977. 

R. G. L e t t ,  J. W. Adkins, R. R. OeSantis and F. R. Brown, "Trace and 
Minor Element Analyses o f  Coal L i q u e f a c t i o n  Products", PETC/TR-79/3, 
August, 1979. 

D. W. Hausler, L. T. Tay lo r ,  J. Borst  and W. B. Cooley, "Dev. A t .  Plasma 
Spectrochem. Anal. Proc. I n t .  W in te r  Conf.", R. M. Barnes, Ed., Heyden & 
Son, Inc.  Ph i l ade lph ia ,  PA (1982) p. 496. 

R. H. F i l b y ,  D. R. Sandstrom, F. W .  L y t l e ,  R. 8. Greegor, S .  R. K h a l i l ,  
V .  Ekambaram, C. S. Weiss and C. A. G r i m m ,  Proceedings DOE/NBS Workshop 
on "Environmental Spec ia t i on  and M o n i t o r i n g  Needs f o r  Trace Metal- 
Conta in ing Substances f rom Energy Related P r o j e c t s " ,  F. E. Brickman and 
R .  H. Fish,  eds., NBS Specia l  P u b l i c a t i o n  618, 1981, p. 21. 

R. S. Brown, D. W. Hausler, J. W .  H e l l g e t h  and L. T. Tay lor ,  ACS 
Symp. Ser., 3, 163 (1982). 

27 2 

I P 



ANALYTICAL CHEMISTRY OF PRODUCTS FROM PROCESS STRATEGIES DESIGNED TO 
REDUCE THE BIOLOGICAL ACTIVITY OF DIRECT COAL LIQUEFACTION MATERIALS 

D. W. Later ,  C. W. Wr ight  and B. W. Wilson 

P a c i f i c  Northwest Labora to ry  
P.O. Box 999 

Rich land,  Washington 99352 

INTRODUCTION 

The cu r ren t  s ta tus  of understanding t h e  chemical b a s i s  f o r  t he  g e n e r a l l y  
increased genet ic  a c t i v i t y  o f  d i r e c t  coal  l i q u e f a c t i o n  ma te r ia l s ,  as compared t o  
pet ro leum-der ived products ,  has l e d  t o  the  i n v e s t i g a t i o n  o f  a number o f  p o t e n t i a l  
process s t r a t e g i e s  f o r  reducing the  b i o l o g i c a l  a c t i v i t i e s  o f  coal -de r i ved  
l i q u i d s .  
d i s t i l l a t i o n ,  c a t a l y t i c  hydrot reatment ,  r e c y c l i n g  o f  heavy-end and bottoms 
mate r ia l s ,  and two stage l i q u e f a c t i o n  coupled w i t h  reduced l i q u e f a c t i o n  s e v e r i t y  
and improved q u a l i t y  hydrogen donor so l  vents. 

B i o d i r e c t e d  chemical analyses o f  coa l  l i q u e f a c t i o n  m a t e r i a l s  over the  l a s t  
severa l  years have l e d  t o  the  i d e n t i f i c a t i o n  o f  a t  l e a s t  two impor tant  c lasses o f  
compounds which a re  l a r g e l y  respons ib le  f o r  t h e  b i o l o g i c a l  response observed i n  
l a b o r a t o r y  systems upon exposure t o  these m a t e r i a l s .  The c l a s s i c a l  carcinogens i n  
coal l i q u i d s  are the  p o l y c y c l i c  aromat ic  hydrocarbons (PAH), p r i m a r i l y  those 
hav ing from 4 t o  6 aromat ic  r i ngs .  Kennaway, Cook and o t h e r s  i n  t h e  e a r l y  p a r t  o f  
t h i s  century  showed t h a t  c e r t a i n  coa l -de r i ved  PAH cou ld  cause s k i n  tumors i n  mice 
and r a b b i t s  (1,2,3). It has been found, i n  general,  t h a t  gene t i c  a c t i v i t y ,  
p a r t i c u l a r l y  i n i t i a t i o n  o f  t umor igen is i s ,  res ides  i n  h igh  b o i l i n g  heavy-end 
m a t e r i a l s  and c o r r e l a t e s  wi th o v e r a l l  PAH con ten t  b e t t e r  t han  wi th any o t h e r  
chemical c lass  (4-6) .  More r e c e n t l y  n i t r o g e n - c o n t a i n i n g  p o l y c y c l i c  aromat ic  
compounds (N-PAC) , s p e c i f i c a l l y  t he  amino-PAH, have been recognized as genotox ic  
c o n s t i t u e n t s  i n  severa l  coa l -de r i ved  m a t e r i a l s .  I n  q u a n t i t a t i v e  terms, t h e  amino- 
PAH occur a t  r e l a t i v e l y  lower  concen t ra t i ons  as compared t o  the  PAH. However, due 
t o  t h e  increased s e n s i t i v i t y  o f  t h e  Salmonella typhimur ium m i c r o b i a l  m u t a g e n i c i t y  
t e s t  t o  amino-PAH, they are r e a d i l y  de tec ted  i n  t h e  complex coal  l i q u i d  m ix tu res  
by t h i s  b i o l o g i c a l  assay (7-11). The p o s s i b l e  c o n t r i b u t i o n  o f  amino-PAH t o  t h e  
e t i o l o g y  o f  any cancers induced i n  coal p roduc t  workers i s  o n l y  now beg inn ing  t o  
be understood. Amino-PAH such as 2-aminonaphthalene and 4-aminobiphenyl are 
recognized as human carcinogens (12) .  Furthermore, recen t  s t u d i e s  have 
demonstrated t h a t  t h e  amino-PAH as a chemical c l a s s  do c o n t r i b u t e  t o  the  o v e r a l l  
i n i t i a t i o n  o f  sk in  tumors i n  l a b o r a t o r y  mice (13). 

t h i s  s tudy i s  the reduc t i on  o f  b i o l o g i c a l  a c t i v i t y  v i a  reducing the  concen t ra t i on  
l e v e l s  of t he  amino-PAH and t h e  4-, 5- and 6 - r i n g  PAH. I n  t h i s  repo r t ,  coa l  
l i q u e f a c t i o n  s t r a t e g i e s  such as d i s t i l l a t i o n ,  bottoms recyc le ,  hydrogenat ion,  and 
two stage l i q u e f a c t i o n  w i l l  be d iscussed i n  terms o f  t h e i r  e f f e c t  on t h e  chemicai 
composi t ion o f  process ma te r ia l s .  

Approaches t h a t  have been i n v e s t i g a t e d  i n c l u d e  op t im ized  f r a c t i o n a l  

A common goal o f  the d i r e c t  l i q u e f a c t i o n  process s t r a t e g i e s  considered i n  

ANALYTICAL METHODS 

The e v o l u t i o n  and development of a n a l y t i c a l  methods a t  PNL ( P a c i f i c  Northwest 
Labora to r ies )  has been p r i m a r i l y  d i r e c t e d  by t h e  requi rement  o f  de te rm in ing  t h e  
b i o l o g i c a l l y  adverse chemical c lasses and compounds i n  coal l i q u e f a c t i o n  
m a t e r i a l s .  Accord ing ly ,  methods have been designed f o r  t h e  i d e n t i f i c a t i o n  and 
q u a n t i f i c a t i o n  of no t  on l y  homogeneous chemical c lasses,  b u t  a l so  i n d i v i d u a l  
components. F igu re  1 o u t l i n e s  the o v e r a l l  a n a l y t i c a l  approach c u r r e n t l y  used. An 
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i n i t i a l  s e p a r a t i o n  o f  crude m a t e r i a l s  by adsorp t ion  column chromatography (14) 
enables t h e  d e t e r m i n a t i o n  of gross chemical composi t ion i n  terms o f  PAH and N-PAC 
conten t .  Secondary chromatographic separa t ions  are achieved by HPLC methods (15) 
f o r  t he  PAH, and a combinat ion o f  a d s o r p t i o n  and ye1 permeation chromatography 
(14,16) f o r  t h e  N-PAC. 
chromatography and mass spec t romet ry  a re  used t o  p rov ide  d e t a i l e d  q u a l i t a t i v e  and 
q u a n t i t a t i v e  chemical a n a l y s i s  o f  i n d i v i d u a l  components i n  t h e  separated 
ma te r i  a1 s . 

F i n a l l y ,  i n s t r u m e n t a l  methods such as c a p i l l a r y  column gas 

Dur ing  t h e  l a s t  severa l  years ,  t h e  SRC ( so l ven t  r e f i n e d  c o a l )  processes have 
rece ived pr ime at tent is: :  and c o n s i d e r a t i o n  as p o t e n t i a l  d i r e c t  coal  l i q u e f a c t i o n  
tech l lo log ies .  An i l l u s t r a t i o n  o f  t h e  d e t a i l e d  da ta  ob ta ined from the  p r e v i o u s l y  
descr ibed a n a l y t i c a l  procedures f o r  t h e  PAH f r a c t i o n  o f  a f u l l  b o i l i n g  range 
SRC I 1  end-product i s  p rov ided i n  F i g u r e  2 and Table 1. It should be noted a t  
t h i s  p o i n t  t h a t  a l l  process m a t e r i a l s  i n v e s t i g a t e d  du r ing  t h i s  study and discussed 
i n  t h i s  paper were from process development u n i t s  o r  p i l o t  p l a n t s  and may not 
n e c e s s a r i l y  be r e p r e s e n t a t i v e  o f  p roduc ts  which w i l l  e v e n t u a l l y  be produced on a 
commercial sca le .  

RESULTS AND DISCUSSION 

DISTILLATION 

An e f f e c t i v e  process technique t h a t  has been used i n  t h e  petroleum i n d u s t r y  
f o r  t h e  gross separa t ion  of  end-products o f  r e f i n i n g  according t o  v o l a t i l i t y  i s  
d i s t i l l a t i o n .  Opt imized f r a c t i o n a l  d i s t i l l a t i o n  has r e c e n t l y  been a p p l i e d  t o  t h e  
produc ts  o f  d i r e c t  coal  l i q u e f a c t i o n  i n  an e f f o r t  t o  e f f e c t  a mo lecu la r  weight 
separa t ion  and i s o l a t e  the  b i o l o g i c a l l y  a c t i v e  components i n  the  h i g h e r  b o i l i n g  
f r a c t i o n s  (6 ) .  Bioassays o f  crude d i s t i l l a t e s  and chemical c lass  f r a c t i o n s  f rom 
severa l  d i r e c t  l i q u e f a c t i o n  processes have shown t h a t  t he  m a j o r i t y  (>99%)of 
y e n e t i c  a c t i v i t y  i s  con ta ined i n  the  d i s t i l l a t e  f r a c t i o n s  b o i l i n g  above 
700OF (4-5).  F igures  3 and 4 a i d  i n  unders tand ing  t h e  chemical bas i s  f o r  t h i s  
observat ion.  

F i g u r e  3A and 3B present chemical c lass  we igh t  d i s t r i b u t i o n  i n f o r m a t i o n  f o r  
t h e  5OoF d i s t i l l a t e  cu ts  o f  t y p i c a l  end-products f r o m  the  SRC I 1  and EDS (Exxon 
Donor So lvent )  coa l  l i q u e f a c t i o n  processes, r e s p e c t i v e l y .  For each process, 
g r e a t e r  than approx imate ly  80% o f  t he  m a t e r i a l  i s  d i s t i l l e d  below 700'F. I n  terms 
o f  chemical c lass  composi t ion,  t h e r e  i s  a decrease i n  a l i p h a t i c  hydrocarbon 
conten t  and i n c r e a s i n g  l e v e l s  o f  N-PAC and p o l a r  h y d r o x y l a t e d  p o l y c y c l i c  a romat ic  
hydrocarbons (HO-PAH) w i t h  i n c r e a s i n g  b o i l i n g  p o i n t  temperature.  The neu t ra l  PAH 
p o r t i o n  o f  each d i s t i l l a t e  cu t  g e n e r a l l y  remains constant.  

The e f f e c t  o f  d i s t i l l a t i o n  temperature on molecu la r  weight i s  shown i n  
F i g u r e  4 f o r  t h e  PAH f r a c t i o n  o f  t h e  SHC I1 b o i l i n g  p o i n t  cuts.  
t r e n d ,  compounds o f  i n c r e a s i n g  molecu la r  weight can be c o r r e l a t e d  w i t h  i n c r e a s i n g  
d i s t i l l a t i o n  temperature.  For example, pyrene, which i s  noncarcinogenic,  i s  a t  a 
maximum c o n c e n t r a t i o n  i n  the  700-750°F c u t ,  w h i l e  t h e  po ten t  carc inogen ic  
compounds such as benzo(a)pyrene are  d i s t i l l e d  i n  t h e  g r e a t e r  than 80OOF cu ts .  
T h i s  t r e n d  i s  a l so  observed f o r  t h e  mutagenic N-PAC and amino-PAH components o f  
t h e  d i s t i l l a t e  f r a c t i o n s .  

As a general  

I n  summary, op t im ized f r a c t i o n a l  d i s t i l l a t i o n  i n  e f f e c t  e l i m i n a t e s  the  bu lk  
of components from the  f u l l  b o i l i n g  range m a t e r i a l  ( F i g u r e  1) which have a 
molecu la r  weight g r e a t e r  than approx imate ly  200 d a l t o n s  and minimizes t h e  l e v e l s  
o f  compounds t h a t  c o n t a i n  p o l a r  n i t r o g e n  and oxygen f u n c t i o n a l  groups. 
A d d i t i o n a l l y ,  m a t e r i a l s  r e s u l t i n g  f rom t h i s  process s t r a t e g y  would have a h i g h e r  
a l i p h a t i c  hydrocarbon conten t  and would be nomina l l y  b i o l o g i c a l l y  i n a c t i v e .  
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BOTTOMS RECYCLE _--__ 
I n f o r m a t i o n  from t h e  d i s t i l l a t i o n  s t u d i e s  l e d  t o  the  suggest ion t h a t  t he  

g rea te r  than 700°F ma te r ia l ,  o r  bottoms, might  s imply  be recyc led  con t inuous ly  t o  
e x t i n c t i o n  Wi th in  the process t o  y i e l d  a n o n - b i o l o g i c a l l y  a c t i v e  end-product. 
Recently, experiments have been conducted w i t h  t h e  SRC I1  process by t h e  Merriam 
Coal L i q u e f a c t i o n  Laboratory  t o  determine t h e  f e a s i b i l i t y  and a p p l i c a b i l i t y  of 
t h i s  process s t ra tegy .  Crude m a t e r i a l s  sampled from t h e  SRC 11 process w h i l e  
ope ra t i ng  i n  t h e  bottoms r e c y c l e  mode, w i t h  a r e c y c l e  c u t  p o i n t  temperature of 
290°C (554OF) and assayed fo r  m i c r o b i a l  mu tagen ic i t y  ( S .  T himurium TA98) showed 

m a t e r i a l  b o i l i n g  above the r e c y c l e  c u t  p o i n t  temperature.  Th is  work a l s o  
demonstrated t h a t  an increased r e c y c l e  o f  heavier-ends reduced t h e  n e t  y i e l d  of 
heavy d i  s t i  11 ate.  

no de tec tab le  a c t i v i t y  a l though these net  products  contained +( 5 10% by we igh t )  ' 

__- CATALYTIC HYDROGENATION 

C a t a l y t i c  hydrogenation has been considered both as an o f f - l i n e  pos t -  
p roduc t i on  upgradiny step, as w e l l  as an i n t e g r a l  process i n  d i r e c t  coa l  
l i q u e f a c t i o n  technologies.  E a r l y  r e s u l t s  w i t h  c a t a l y t i c  hydrot reatment  o f  an 
SRC I1 f u e l  o i l  b lend m a t e r i a l  showed t h a t  mutagenic a c t i v i t y  was s u b s t a n t i a l l y  
reduced by hydrogenation (17). Th i s  was exp la ined  by the  reduced l e v e l s  o f  amino- 
PAH due t o  deamination o f  t h e  n i t r o g e n  f u n c t i o n a l i t y  which occurs r e a d i l y  under 
t h e  reducing c o n d i t i o n s  o f  hydrogenat ion processes. Furthermore, hydrogenat ion o f  
t h e  PAH components can lead  t o  reduced a r o m a t i c i t y  and/or carbon-carbon bond 
s c i s s i o n  o f  h ighe r  molecular  weight  PAH. Th is  again leads t o  a reduc t i on  i n  t h e  
b i o l o g i c a l  potency o f  t he  end-products. 

Several d i r e c t  l i q u e f a c t i o n  techno log ies  i n c l u d i n g  EDS and TSL (two s taye 
l i q u e f a c t i o n )  i nco rpo ra te  some form o f  c a t a l y t i c  hydrogenat ion s tep w i t h i n  t h e  
process. Table 2 l i s t s  t h e  q u a n t i t a t i v e  r e s u l t s  f o r  t h e  major components detected 
i n  the  PAH f r a c t i o n  o f  t h e  700-750'F d i s t i l l a t e  cu t  o f  end-products from t h e  
SRC I 1  (no hydroyenat ion)  and EOS (process so l ven t  hydrogenat ion)  processes. An 
obvious e f fec t  of t he  hydrogenat ion process i s  a general r e d u c t i o n  i n  t h e  EDS 
m a t e r i a l  of the concen t ra t i on  l e v e l s  of parent  PAH, f o r  example pyrene and 
benzofluorene, as compared t o  o the r  c o n s t i t u e n t s  o f  t h e  f r a c t i o n  such as t h e  
hydroaromatics and a l k y l a t e d  species. I n  genera l ,  t h e  EDS d i s t i l l a t e  c u t  i s  
composed of severa l  compounds w i t h i n  a f a i r l y  narrow concen t ra t i on  range, w h i l e  
t h e  SRC I1 m a t e r i a l  has a few major components w i t h  o t h e r  c o n s t i t u e n t s  a t  much 
lower concen t ra t i on  l e v e l s .  Table 3 g i ves  an es t ima te  o f  t h e  magnitude o f  t h e  
chemical d i f f e r e n c e s  t h a t  r e s u l t  from t h e  hydrogenat ion process. The increased 
p ropor t i ons  of a l k y l a t e d  and hydroaromat ic  PAH i n  hyd ro t rea ted  m a t e r i a l s  has t h e  
n e t  e f f e c t  of i n c r e a s i n g  the  hydrogen t o  carbon r a t i o  and enhancing t h e  q u a l i t y  o f  
bo th  process products  and r e c y c l e  so l ven ts .  

TWO STAGE LIQUEFACTION -- 
Two stage l i q u e f a c t i o n  processes such as the  second generat ion i n t e g r a t e d  two 

It appears t h a t  t he  two most impor tan t  features are reduced l i q u e f a c t i o n  
Low 

stage l i q u e f a c t i o n  ( ITSL)  i n c o r p o r a t e  severa l  process fea tu res  which l ead  t o  bo th  
process streams and p o t e n t i a l  product  m a t e r i a l s  which show reduced g e n o t o x i c i t y  
(18,19). 
s e v e r i t y  i n  t h e  f i r s t  stage and c a t a l y t i c  hydrot reatment  i n  t h e  second stage. 
s e v e r i t y  e x t r a c t i o n  depends upon the  a v a i l a b i l i t y  o f  h igh  q u a l i t y  hydrogen-r ich 
so l ven t  which r e s u l t s  from hydrot reatment .  S e v e r i t y  i n  the  i n i t i a l  l i q u e f a c t i o n  
s tep i s  reduced p r i m a r i l y  by l ower ing  the  res idence t i m e  o f  t he  coal s l u r r y  i n  t h e  
f i r s t  stage reac to r .  The improved s o l v a t i o n  and hydroyenat ion p r o p e r t i e s  o f  t h e  
h ighe r  q u a l i t y  so l ven t  a l l ows  t h e  coal  t o  be so l va ted  q u i c k l y  and e f f i c i e n t l y ,  
thus m in im iz ing  t h e  p o s s i b i l i t y  o f  re t rog rade  r e a c t i o n  which leads t o  t h e  
format ion of p o l a r  m a t e r i a l s  and may cause p o l y m e r i z a t i o n  o r  coking. 
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Reduct ion i n  n i t r o g e n  conten t  o f  t h e  d i s t i l l a t e s  i s  t h e  main reason f o r  t h e  
lower g e n o t o x i c i t y  o f  t h e  ITSL m a t e r i a l s  as compared t o  t h e  s i n g l e  stage 
processes. F i g u r e  6 compares gas chromatograms o f  t h e  n i t r o g e n - c o n t a i n i n g  PAH 
f r a c t i o n s  a f t e r  t h e  f i r s t  and second stages o f  t h e  ITSL process. Deamination t h a t  
i s  o n l y  p a r t i a l  i n  the  low s e v e r i t y  r e a c t o r  i s  r e l a t i v e l y  complete i n  the  
h y d r o t r e a t o r  product.  T h i s  reduces the  o v e r a l l  c o n c e n t r a t i o n  o f  genotox ic  amino- 
PAH i n  t h e  process m a t e r i a l  and end-products. S i m i l a r l y ,  hydrogenat ion and 
c r a c k i n g  occurs f o r  the  o the r  PAH components i n  t h e  process m a t e r i a l  r e s u l t i n g  i n  
t h e  s u p e r i o r  r e c y c l e  s o l v e n t  p r o p e r t i e s  r e q u i r e d  fo r  low s e v e r i t y  l i q u e f a c t i o n  i n  
t h e  f i r s t  stage and h igh  q u a l i t y  end-products t h a t  a re  s u i t a b l e  f o r  upgrading and 
r e f i n i n g .  

CONCLUSION 

The a b i l i t y  t o  per fo rm d e t a i l e d  chemical a n a l y s i s  p r o v i d e s  i n s i g h t s  and 
unders tand ing  i n t o  bo th  the  areas of  b i o l o g i c a l  e f f e c t s  and process s t r a t e g i e s .  
There are  a number o f  chemical d i f f e r e n c e s  which have been discussed f o r  t h e  
d i f f e r e n t  products f rom d i r e c t  l i q u e f a c t i o n  s t r a t e g i e s ,  i n c l u d i n g  hydrogenat ion,  
d e - n i t r o g e n a t i o n ,  and a l k y l a t i o n .  The h i g h e r  mo lecu la r  we igh t  genotoxic PAH and 
N-PAC which a re  minor c o n s t i t u e n t s  i n  most f u l l  range d i s t i l l a t e  coal  l i q u i d s  can 
be e f f e c t i v e l y  reduced i n  c o n c e n t r a t i o n  by o p t i m i z e d  f r a c t i o n a l  d i s t i l l a t i o n ,  
bottoms recyc le ,  o r  hydrogenat ion.  Furthermore, two stage l i q u e f a c t i o n  w i t h  
enhanced r e c y c l e  so lvents  under low s e v e r i t y  c o n d i t i o n s  coupled w i t h  hydrogenat ion 
reduces t h e  aromat ic and p o l a r  PAH conten t  w h i l e  i n c r e a s i n g  t h e  hydrogen t o  carbon 
r a t i o  of t h e  process m a t e r i a l .  
work r e s u l t  i n  h i g h e r  q u a l i t y  process m a t e r i a l s  and end-products which a re  
s u i t a b l e  e i t h e r  f o r  r e f i n i n g  o r  upgrad ing  i n t o  usab le  products.  

I n  general ,  t h e  s t r a t e g i e s  i n v e s t i g a t e d  i n  t h i s  
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-. TABLE 1. Quantitative and Qualitative Analysis o f  the PAH 
in the SRC I1 Full Range Distillate(a1 

Compound P F r a c t i o  
Peak No. Mol. !dt.(b) I d e n t i f i c a t i o n  (EM ( ~ g / g ) ~ ' )  

1 
2 
3 
4 
5 
6 

7 
8 
9 

10 
11 
12 
13 
14 
15 

16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 
34 

35 

36 
37 

38 
39 
40 
41 
42 

128 
142 
142 
156 
156 
156 
156 
:52 
154 
170 
170 
168 
166 
168 
184 
180 
182 

180 
180 

180,182.198 

184 
196 
178 

194,196 
196 
192 
192 
192 
212 
204 
202 
202 
204 
218 

216 
216 

218 

216 
230 

228 
228 
242 
252 
252 

Naphthalene 
2-Methylnaphthalene 
1-Methylnaphthalene 
2-ethyl naphthalene 
2.6- andfor 2.7-Dimethylnaphthalene 
1.7- and 1,6- o r  1.3-Simethyl naphthalene 
C2-XaphLhaiene 
Acenaphthy 1 ene 
Acenaphthene 
C3-Naphthalene 
C Naphthalene 
D&enzo fu ran  
F1 uorene 
C Acenaphthene and/or Dihydrof luorene 
CiINaphthalene 
9-Methyl f l uo rene  
C Dibenzofuran and/or C2-Acenaphthene 

2-Methylfluorene 
1-Methyl f luorene 
C Fluorene andfor C Aceaaphthene andfor 

' ind f o r  Cl-Di hydrofluorene 

'i1-D? hydrof  1 uorenef-and/or 
C1-Di benzofuran 

Dibenzothiophene 
C -Acenaphthene and/or C2-Dihydrofluorene 
Pzenanthrene 
C2-Fluorene and/or C2-Oi  hydrof luorene 
C2-Di hydrof luorene 
3-Methyl phenanthrene 
2-Methyl phenanthrene 
1-Methylphenanthrene 
2-Chloroanthracene I n t e r n a l  Standard 
Dihydrof luoranthene 
Fluoranthene 
Pyrene 
D i  hydropyrene 
Cl-Dihydrofluoranthene andfor 

Benzo(a Inaphthofuran 
Benzo(a ) f luorene 
Benzo(b1fluorene and/or 

2- o r  &methyl pyrene 
D i  hydrobenzo(b)fluorene andfor 

Benzo(b)naphthofuran 
1-Methy 1 pyrene 
C1-Benzofluorene andfor 

Benz(a )anthracene 
Chrysene 
6- o r  4-Methylchrysene 
Benzo(j o r  b) f luoranthene 
Benzo(e)pyrene 

C2-pyrene f f luoranthene 

730 f 
15.040 f 680 
2.840 t 130 

11.400 ? 540 
12.500 f 1000 
8,260 f 440 

340 f 20 
7.990 f 450 

13,360 t 740 
13.960 f 1180 
39.960 f 4140 

16,650 f 3040 

11.750 f 680 
9.830 f 480 

12.290 f 750 

44,640 f 2840 

9.300 f 840 
11,.950 f 800 

3.680 t 490 

8,780 f 100 
3.820 f 30 

19.520 f 470 

2.840 f 230 

10.360 f 1110 

2,650 f 470 

660 f 60 
1.110 f 120 
2.110 f 210 

250 f 50 
200 f 60 

(a) SRC I 1  F u l l  Range D i s t i l l a t e  obtained from Gulf Research and Development Co.. 
An h a x  B e l l e  Ayr Merr ian Coal L ique fac t i on  Laboratory,  Shawnee Mission, KS. 

Mine subbituminous coal was used d u r i n g  run DOE 454RA which was made i n  the 
convention recyc le  mde. 

(b )  As determined by c a p i l l a r y  column gas chromatographic-mass spectrometry. 
( c )  Determined from response fac to rs  of standard compounds. 
(d) Based on three determinat ions;  10 mg/ml. 5 mglml. and 2.5 mglml 'd i lut ions.  



? 
TABLE 2. Concentrat ions o f  t h e  Major Components o f  t he  700-750°F D i s t i l l a t e  

F r a c t i o n s  o f  SRC I 1  and EDS End-Products. 

Compound E.D.s.( SRC I I ( ' )  

D i  hydrof luoranthene 
Fluoranthene 
Pyrene 
D i  hydropyrene 
Benzo(b) f luorene and/or 

2- o r  4-Methyl pyrene 
1 -Met hy 1 py rene 
Benz ( a  )anthracene 
Chrysene 

2,098 f 36 21,822 f 6,335 
1,089 f 16 30,210 f 1,819 

29,838 f 976 275,991 f 32,372 
6,391 f 157 27,733 t 8,413 

47,042 f 11,610 257,629 f 70,359 
26,567 f 6,371 34,335 f 4,405 

308 f 23 4,098 f 942 
1,554 f 335 2,086 f 561 

(a )  Concentrat ion o f  components i n  t h e  PAH f r a c t i o n  as determined f rom response 
f a c t o r s  o f  standards. Based on t h r e e  de te rm ina t ions  a t  10 mg/mL, 5mg/mL, 2.5 
mg/mL d i  1 u t i ons .  

(b )  EOS 50° d i s t i l l a t e  from a feed b lend o f  naptha and process so l ven t  o f  I l l i n o i s  
No. 6 coa l ;  ECLP operat ions,  Exxon Research and Engineer ing Co.. Baytown, TX. 

( c )  SRC I1  50' d i s t i l l a t e s  from a feed b lend  o f  naptha and process so l ven t  o f  
Powhatan No. 5 mine coa l ;  PDU P-99 operated by Gu l f  Science and Technology 
Co., Harmarv i l l e ,  PA. 

TABLE 3. Concentrat ion Ra t ios  o f  Selected 4-Ring PAH i n  the  
700-750°F D i s t i l l a t e  F r a c t i o n s  o f  SRC I 1  and EDS 

- __ 
Compound R a t i o  EDS SRC I 1  

pyrene 1.1 8.0 
1-methyl pyrene 

p y r e n e  4.7 10.0 
d ihydropyrene 

f l uo ran thene  0.5 
d ihyd ro f l uo ran thene  

0.7 
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REM9SC3 i i i ~ l S E  HPLC 

HIGH RESOLUTION GAS CHROMATOGRAPHY 

L 

GAS CHROMATOGRAPHY/MASS SPECTROMETRY 

fl 200 m 

FIGURE 1. Overview of the analytical methodology used for the detailed 
chemical characterization of coal liquefaction materials. 
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WEIGHT PERCENT 

A 

100-700 700-750 750-800 800-850 850+ 
BOILING POINT CUT (OF) 

WEIGHT PERCENT 

B 

BOILiNG POINT CUT (OF) 

Weight d i s t r i b u t i o n  o f  chemical  c lasses  i n  t h e  ( A )  SRC I 1  and (6) 
EDS d i s t i l l a t e  f r a c t i o n s  ( see  Tab le  2 f o o t n o t e s  f o r  a d e t a i l e d  
d e s c r i t p i o n  of these process m a t e r i a l s ) .  
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FIGURE 4. Capillary column gas chromatograms of the PAH fractions from 
the SRC I 1  50’F distillates fractions. 
for a detailed description of this coal-derived material.) 
Conditions as in Figure 2. 

(See Table 2 footnotes 
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